T he innate immune system is critical for the early detection of invading pathogens and dangers. In the last few years, key cellular sensors responsible for sensing pathogen-derived RNA and triggering innate immune signaling have been discovered. However, it is less clear how the cell triggers innate immune signaling in response to cytoplasmic DNA species originating from human pathogenic microbes.
Recently, numerous cytosolic DNA sensors have been described, including DNA-dependent activator of IFNregulatory factors (DAI, also known as Z-DNA-binding protein or ZBP-1), RNA polymerase III, leucine-rich repeat (LRR)-containing protein 1 (LRRFIP1), aspartate-glutamate-any amino acidaspartate/histidine (DExD/H)-box helicase (DHX) 9, DHX36, Ku70, IFN-c-inducible protein 16 (IFI16) and (DExD/H)-box polypeptide 41 (DDX41). [1] [2] [3] [4] [5] [6] [7] [8] These sensors are able to bind DNA directly and engage signaling pathways converging on NF-kB and IRF3 activation, leading to type I IFN induction. They display some selectivity in terms of cell type, the pathogens sensed and the exact nature of the DNA ligand tested. Research on DNA sensors is now of great interest in not only determining the mechanisms underlying how the pathogens are sensed by DNA sensors, but also understanding how DNA sensors elicit immune responses, including the induction of type I IFN.
DDX41 is a newly identified DNA sensor responsible for the recognition of cytosolic double-stranded DNA (dsDNA) and can recruit the stimulator of interferon genes (STING, also known as MITA, MPYS and ERIS) to activate IRF3 and NF-kB. [9] [10] [11] [12] Knockdown of DDX41 expression through short-hairpin RNA in both mouse and human cell lines blocked induction of the gene encoding IFN-b and other genes of the innate immune system in response to synthetic DNA sequences and DNA viruses. DDX41 is a member of the DEXDc family of helicases, which has two conserved domains: a DEAD domain and a helicase domain. DDX41 binds dsDNA or CDNs (Cyclic dinucleotides) and interacts with STING-dependent on its DEAD domain. However, how the binding of dsDNA or CDNs to the DEAD domain triggers the recruitment of signaling adaptors (or STING directly) and thereby stimulate downstream signaling is unknown. Another interesting question that needs to be resolved is the regulation of the DNA sensor-induced signaling pathway.
Zhiqiang et al. 13 identified Trim21 as a DDX41-interacting protein through immunoprecipitation with an antibody to DDX41 in the mouse mDC line D2SC and protein sequencing by liquid chromatography-mass spectrometry. Trim21, also known as Ro52, is an interesting protein that belongs to the Trim family. Studies have demonstrated that many Trim family members play important roles in regulating the innate immune response. Trim21 itself has been reported to be a regulator of type I IFN production and the antiviral response. However, there is much debate about the function of Trim21. Higgs et al.
14 provided evidence that Trim21 targeted IRF3 for polyubiquitin-mediated degradation and thus turned off the production of IFN-b. Subsequently, Yang and his co-workers 15 identified Trim21 as an IRF3-interacting protein but with an opposite function. They reported that Trim21 enhanced IFN-b production by preventing IRF3 ubiquitination and degradation. The issue was further complicated when another group revealed that Trim21 2/2 elongation factors or immune cells exhibited no defect in type I IFN induction in response to Newcastle disease virus and the Toll-like receptor ligands poly(I:C), CpG and lipopolysaccharide, even though ubiquitylation of IRF3 was significantly reduced. 16 Here, Zhiqiang et al. 13 describe in their articles that Trim21 deletion led to only approximately 20% more IFN-b production in bone marrow-derived dendritic cells (BMDCs) treated with 59-triphosphate RNA, lipopolysaccharide, poly(I:C) or reovirus, and Trim21 might have a much more important effect on the innate immune response to intracellular doublestranded DNA, as 1.5-to 4-fold more IFN-b was observed in Trim21-deficient BMDCs in response to poly(dA:dT), vaccinia virus DNA, adenovirus and herpes simplex virus type 1 (HSV-1).
To confirm their observations, they investigated the antiviral role of Trim21 in vivo. Trim21-deficient mice showed more than 90% lower viral titers than wild-type mice infected by HSV-1, with two-fold more type I IFN and IL-6 production, whereas only a small effect on type I IFN production was detected in Trim21-deficient mice in response to vesicular stomatitis virus, which is an RNA virus. Furthermore, similar results were obtained in Trim21 knockdown human THP-1 monocytes infected with intracellular DNA or HSV-1.
Trim21 bound to the DEADc domain of DDX41 through its SPRY-PRY domain. This interaction occurred in resting cells and diminished after 4 h of stimulation with intracellular DNA. Subcellular localization analysis showed that Trim21 and DDX41 localized together in the cytosol under resting conditions and that TRIM21 dissociated from DDX41 after stimulation with dsDNA. The facts that Trim21 had no effect in DDX41-silenced THP-1 cells in response to intracellular DNA or HSV-1 and that Trim21 interacted with DDX41 suggest that DDX41 might be the regulation target of Trim21.
DDX41 was characterized as a protein that undergoes robust ubiquitination and degradation (Figure 1) . The ubiquitin-proteasome pathway regulates the expression of many proteins involved in diverse cellular processes. Proteins targeted for degradation by the proteasome must first be tagged with polyubiquitin chains, linked through lysine at position 48 of ubiquitin (Lys48). Generally, ubiquitin tagging of proteins through an enzymatic cascade involves three enzymes: E1, E2 and E3.
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Trim21 overexpression enhanced the K48-linked ubiquitination of DDX41 dependent on its RING domain. Moreover, K48-linked ubiquitination was detected in wild-type BMDCs, but not Trim21-deficient BMDCs. In vitro ubiquitination research showed that Trim21 directed modified DDX21 in the presence of E1, ubiquitin, ATP and E2 enzyme. Finally, Lys9 and Lys115 were identified as the ubiquitination sites of DDX41.
Many critical questions are raised by this study. It is notable that Trim21 expression was induced after stimulation with poly(dA:dT). However, Trim21 interacted with DDX41 under resting conditions and then dissociated from DDX41 after stimulation with dsDNA. Therefore, Trim21 regulated DDX41 at the steady state and the early stage of stimulation with dsDNA. It is puzzling that if the regulatory role of Trim21 ends at the early stage of stimulation, why would the host cells need to upregulate Trim21 expression? Does Trim21 target another protein after it dissociates from DDX41? IRF3 has been reported to interact with Trim21, but it appears that Trim21 has no effect on IRF3 expression. Then, does Trim21 have an effect on STING and TBK1, which signals downstream of DDX41? The answers to these questions may help us to better understand the role of Trim21 in the host cell response to intracellular dsDNA.
Another interesting question is how Trim21 deficiency affects the interferon response of dendritic cells to Listeria monocytogenes, a bacterial pathogen that induces interferon via the secretion of c-di-AMP. 18 There are different opinions on the main sensor of cyclic dinucleotides. One theory is that DDX41 is the main direct sensor of cyclic dinucleotides, 19 and the other recognizes STING in this role. 20 If Trim21 has no effect on the STING-triggered signaling pathway, Trim21-deficient mice could be used to solve this problem. If Trim21 deficiency has no effect on interferon in response to L. monocytogenes, STING is more likely to be the sensor of cyclic dinucleotides. If Trim21-deficient mice have an impaired response to L. monocytogenes, DDX41 plays an important role in sensing the cyclic dinucleotides. Regardless of the actual results, they will help us to learn about DNA sensing.
Innate immune signaling plays an important role in the elimination of invading pathogens. However, the uncontrolled production of type I IFN induced by DNA and RNA may lead to autoimmune or auto-inflammatory diseases, such as systemic lupus erythematosus. 21 Auto-inflammatory patients often have high levels of inflammatory cytokines, which are produced by the activation of innate immunity. Autoantibodies against the Trim21 protein can be detected in several different autoimmune disease patients and sometimes in healthy individuals. In systemic lupus erythematosus as well as systemic sclerosis and autoimmune myositis patients, anti-Trim21 is detected in approximately one-third of patients. The identification of Trim21 as a negative regulator of Figure 1 Trim21 negatively regulates the DDX41-mediated signaling pathway. In the early phase, DNA from diverse microbes is sensed by DDX41 in the cytosol of infected cells as a danger signal. STING recruits TBK1 to its C-terminal tail, and TBK1 then interacts with and phosphorylates IRF3/ 7. Phosphorylated IRF3/7 dimerizes and translocates to the nucleus, thereby promoting the expression of immune and inflammatory genes. In the late phase, Trim21 interacts with DDX41 and causes the K48-linked ubiquitination of DDX41. After ubiquitination, DDX41 is degraded by the proteasome, thus preventing 'downstream' cytokine induction. sensors of intracellular dsDNA will have important implications for understanding not only antiviral innate immunity, but also the pathogenesis of human autoimmune diseases, such as systemic lupus erythematosus.
